The chemokine receptor CXCR4 functions as a fusion coreceptor for T cell tropic and dual-tropic HIV-1 strains. To identify regions of CXCR4 that are important for coreceptor function, CXCR4-CXCR2 receptor chimeras were tested for the ability to support HIV-1 envelope (env) proteinmediated membrane fusion. Receptor chimeras containing the first and second extracellular loops of CXCR4 supported fusion by T tropic and dual-tropic HIV-1 and HIV-2 strains and binding of a monoclonal antibody to CXCR4, 12G5, that blocks CXCR4-dependent infection by some virus strains. The second extracellular loop of CXCR4 was sufficient to confer coreceptor function to CXCR2 for most virus strains tested but did not support binding of 12G5. Truncation of the CXCR4 cytoplasmic tail or mutation of a conserved DRY motif in the second intracellular loop did not affect coreceptor function, indicating that phosphorylation of the cytoplasmic tail and the DRY motif are not required for coreceptor function. The results implicate the involvement of multiple CXCR4 domains in HIV-1 coreceptor function, especially the second extracellular loop, though the structural requirements for coreceptor function were somewhat variable for different env proteins. Finally, a hybrid receptor in which the amino terminus of CXCR4 was replaced by that of CCR5 was active as a coreceptor for M tropic, T tropic, and dual-tropic env proteins. We propose that dual tropism may evolve in CCR5-restricted HIV-1 strains through acquisition of the ability to utilize the first and second extracellular loops of CXCR4 while retaining the ability to interact with the CCR5 amino-terminal domain.
The envelope (env) protein of HIV-1 binds to CD4 with high affinity and mediates fusion between the viral and cellular membranes (for review, see ref. 1). The membrane fusion reaction results from conformational changes in env that likely include the formation of a coiled-coil structure with the resulting exposure of the amino-terminal fusion peptide in gp41 (2, 3) . Although binding to CD4 clearly triggers conformational changes in env, including increased exposure of the V3 loop, these changes by themselves are not sufficient for the membrane fusion reaction (4) . Evidence for this comes from observations that expression of CD4 does not render most nonhuman cells susceptible to env-mediated membrane fusion and virus entry (5) (6) (7) (8) . In addition, HIV-1 strains exhibit distinct tropisms for CD4-positive cells. Macrophage tropic (M tropic) strains enter and replicate in macrophages and primary T cells but generally fail to enter T cell lines, whereas T cell tropic strains fail to enter macrophages efficiently (for review, see ref. 9 ). Dual-tropic viruses, which may represent an intermediate form during the evolution from M to T tropism, can enter all three target cell types. These findings indicated that CD4 and one or more cellular cofactors or coreceptors are required for membrane fusion and infection to occur and that these coreceptors may play an important role in determining viral tropism.
The inability of CD4 to render nonhuman cells permissive for env-mediated syncytia formation was used to identify cDNAs that could, in conjunction with CD4, make murine cells permissive for cell-cell fusion by the T cell tropic BH8 env glycoprotein. The cDNA that imparted this phenotype was found to encode an orphan seven-transmembrane-domain receptor that supported membrane fusion by T cell tropic, but not M tropic, HIV-1 env proteins in a CD4-dependent fashion (10) . This protein, termed fusin, was designated CXCR4 when it was shown to bind the CXC chemokine SDF-1 (11, 12) . The discovery of fusin coupled with the finding that the chemokines RANTES (regulated upon activation, normal T cell expressed and secreted), MIP-1␣, and MIP-1␤ (where MIP is macrophage inflammatory protein) could block infection by M tropic virus strains (13) rapidly led to the discovery that CCR5 was the fusion coreceptor for these strains (14) (15) (16) (17) (18) . The importance of chemokine receptors for virus infection in vivo was shown by the discovery of a CCR5 polymorphism for which approximately 1% of the Caucasian population is homozygous (19, 20) . Cells from these individuals are highly resistant to infection by M tropic CCR5-restricted viruses both in vitro and in vivo (19) (20) (21) (22) .
Given the critical role of chemokine receptors in virus entry and the ability of chemokines to block virus infection, it will be important to elucidate the mechanism by which they allow membrane fusion to occur. Recently, the gp120 subunit of a T tropic env was shown to interact directly with CXCR4 (23), whereas M tropic env proteins interact with CCR5 in a CD4-dependent fashion (24, 25) . Although much progress has been made in identifying regions of CCR5 required for HIV-1 and simian immunodeficiency virus coreceptor function (27) (28) (29) , little is known about the structure-function relationships of CXCR4. To identify the structural determinants required for CXCR4 coreceptor function, we constructed chimeric receptors based on CXCR4 and CXCR2, a chemokine receptor that lacks HIV-1 coreceptor activity. The chimeric receptors were studied for their ability to support env-mediated membrane fusion and to bind the conformation-dependent anti-CXCR4 monoclonal antibody 12G5 (30) . We found that there is differential CXCR4 utilization by diverse env proteins, that the second extracellular loop of CXCR4 was sufficient for coreceptor activity for most virus strains tested, and that the epitope for 12G5 is contained in extracellular loops 1 and 2. Our results suggest that M tropic CCR5-restricted viruses can evolve to become dual tropic by acquiring the ability to interact with the extracellular loops of CXCR4 while retaining the ability to productively interact with the CCR5 amino-terminal domain.
MATERIALS AND METHODS
Constructs. Chimeric receptors composed of CXCR4 and CXCR2 or CCR5 segments were constructed by the PCRligation-PCR approach. To create chimeras, complementary regions of the two parental receptors were amplified from cDNA templates, and the blunt-ended amplification products were ligated after phosphorylation. The product encoding the desired hybrid was then amplified with the appropriate upstream and downstream primers from the respective parental receptors. Products of the predicted size were cloned into the TA vector (Invitrogen), screened, and sequenced. The final cDNA encoding the chimeric receptor was subcloned into the pcDNA3 expression vector (Invitrogen) by using unique sites introduced into the PCR primers. Primer sequences can be obtained from the authors. The plasmid luciferase-T7, encoding firefly luciferase under control of the T7 promoter, was obtained from Promega. pT4 encodes CD4 under control of the cytomegalovirus promoter. The rat CXCR4 homolog was provided by Richard Duman (Yale University) and was cloned into pSP73.
Cells and Viruses. HeLa and QT6 cells were cultured as described (31) . A panel of recombinant vaccinia viruses encoding HIV env proteins were used. These included vSC60 (BH8) (32), vCB28 (JR-FL) (32), vCB36 (RF) (32), vBD3 (89.6) (17), vSC50 (HIV-2 SBL6669 ) (33) , and vCB51 [BK132, a primary T tropic clade B virus (34) ]. The recombinant vaccinia virus vTF1.1, which encodes T7 RNA polymerase, was also used (35) .
Gene Reporter Fusion Assay. A previously described luciferase-based gene reporter assay was used to quantitate cellcell fusion events (17, 29, 36) . Briefly, T7 RNA polymerase and HIV-1 envelope proteins were introduced into effector HeLa cells by recombinant vaccinia viruses. Luciferase-T7, CD4, and coreceptors were introduced into target QT6 cells by calcium phosphate-mediated transfection. After overnight incubation, effector cells were added to the target cells to initiate fusion. Seven to 8 h after mixing, the cells were lysed and assayed for luciferase activity.
Flow Cytometry Analysis. QT6 cells were transiently transfected with wild-type and chimeric cofactors by calcium phosphate precipitation. After expression for 16-20 h, cells were removed from the plate with 1 mM EDTA, centrifuged, and resuspended in PBS with bovine serum albumin (1 g͞liter) supplemented with 1% normal rat sera and 1% normal rabbit sera and placed on ice. Chimeras containing the amino terminus of CXCR2 were stained with the 10G2 monoclonal antibody (37) , while those containing the amino terminus of CXCR4 were stained with rabbit polyvalent antibodies produced by immunization with glutathione S-transferase fusion proteins containing this domain of CXCR4. Cells were also stained with 12G5, a monoclonal antibody to CXCR4, to map its binding site (30) . required for coreceptor function, we constructed chimeric molecules between CXCR4 and CXCR2 ( Fig. 1) , which share approximately 35% amino acid identity. However, CXCR2 has not been reported to serve as a HIV-1 coreceptor. The more closely related rat CXCR4 homolog [86% identity (39) ] functioned as an HIV-1 fusion coreceptor for HIV-1 BH8 and, therefore, could not be used for the construction of CXCR4 chimeras (data not shown). CXCR2 was also chosen because of the availability of a monoclonal antibody to the aminoterminal domain (10G2) (37) . This antibody, along with a monoclonal antibody to CXCR4 (12G5) (30) and a rabbit polyclonal serum to the CXCR4 amino terminus, made it possible to monitor surface expression of the chimeric molecules. However, because of the necessity to use three antibodies, of the diverse structures of the chimeric receptors that might alter antibody affinity, and the chimeric receptors were expressed transiently, precise comparisons of surface expression levels were not possible. Therefore, greater emphasis should be placed on chimeric receptors that allow cell-cell fusion rather than those that do not.
RESULTS

Replacement of
The ability of chimeric receptors to serve as coreceptors was determined with a cell-cell fusion assay in which effector cells that express HIV env are mixed with target cells that express CD4 and a candidate coreceptor (17, 29) . In addition, effector cells are infected with a recombinant vaccinia virus that expresses T7 RNA polymerase, and target cells are transfected with a plasmid encoding luciferase under the transcriptional control of the T7 promoter. Although HeLa cells were used as effectors, the QT6 quail fibrosarcoma cell line served as targets because they do not support HIV env-mediated membrane fusion when they express CD4 alone, and they can be transfected at high efficiency. The target and effector cells are mixed at 37°C, and if fusion occurs, cytoplasmic mixing between effectors and targets results in expression of luciferase, which can be easily measured. Thus far, we have found perfect concordance between the ability of wild-type or mutant chemokine receptors to support cell fusion and their ability to support virus entry (17, 20, 27, 29, 31) .
To determine whether any single CXCR4 domain is required for coreceptor activity, we substituted single CXCR4 domains with corresponding regions from CXCR2 ( The parental molecule from which each extracellular domain was derived is indicated by the name of each chimera. Thus, chimera 2444 contains the amino-terminal domain of CXCR2 (up to the conserved cysteine residue) in a CXCR4 background. We measured the ability of the chimeric receptors to support cell-cell fusion by T tropic (BH8 and BK132) and dual-tropic (89.6 and RF) HIV-1 env proteins and by HIV-2 SBL6669 . Although HIV-1 RF is a T tropic virus, we have found that the RF env protein is dual tropic in that it can use both CXCR4 and CCR5 as coreceptors for cell-cell fusion (see Fig.  4 ). This panel of proteins was chosen because we have shown that env proteins can interact with CCR5 differently (27, 29) . Thus, by examining several T and dual-tropic env proteins, we sought to identify differences in structural requirements for the coreceptor activity of CXCR4 by different env glycoproteins and to minimize the possibility of falsely scoring a chimeric receptor as negative for coreceptor activity when examining only a single env protein.
As shown in Fig. 2 , fusion was not observed when target cells expressed CD4 alone or CXCR2 and CD4 together but was readily detected when CXCR4 and CD4 were coexpressed. Four of the five env proteins gave similar fusion profiles with the panel of chimeric receptors tested. The BH8, BK132, 89.6, and HIV-2 SBL6669 env proteins fused with cells expressing chimeras 2444, 2444b, and 4442 but did not fuse with cells expressing 4244 or 4424. These results indicated that the amino-terminal domain and third extracellular loop of CXCR4 could be individually replaced by the corresponding highly divergent domains of CXCR2 without loss of coreceptor function. However, fusion with cells expressing 2444, 2444b, and 4442 was less efficient than that observed with wild-type CXCR4, suggesting that either the amino-terminal domain and͞or the third extracellular loop of CXCR4 might contribute to the fusion reaction, either directly or indirectly. A role for the amino-terminal domain of CXCR4 in coreceptor function was also suggested by our findings with the dual-tropic env protein RF that was particularly sensitive to amino-terminal domain alterations. Replacement of the amino-terminal domain of CXCR4 up to the conserved cysteine residue at position 28 (chimera 2444) resulted in an 80% reduction in fusion activity, whereas replacement of the entire aminoterminal domain (chimera 2444b) resulted in the complete loss of fusion activity.
To determine whether the failure of chimeras 4244 or 4424 to support fusion or the reduced fusion seen with chimeras 2444, 2444b, and 4442 could be accounted for by reduced expression on the cell surface, QT6 cells expressing these molecules were subjected to flow cytometry analysis with a monoclonal antibody to the amino-terminal domain of CXCR2 (10G2) or a polyclonal antibody to the CXCR4 amino terminus. We found that chimeras 2444, 2444b, and 4442 were expressed on the cell surface at levels similar to that seen with CXCR4, but chimeras 4244 and 4424 were not detected ( Table 1) .
Replacement of Multiple CXCR4 Domains with Corresponding CXCR2 Regions. The results in Fig. 2 indicated that both the amino-terminal domain and third extracellular loop of CXCR4 could be individually replaced with the corresponding CXCR2 domains without ablating coreceptor function. To determine whether replacing both of these regions in one molecule could be tolerated, we constructed chimeras in which part or all of the amino terminus and the third extracellular loop of CXCR4 were replaced with the corresponding CXCR2 regions (Fig. 1) . Chimera 2442 supported cell-cell fusion for all envs except RF, indicating that the region of CXCR4 from the first cysteine residue through the extracellular loop was sufficient for coreceptor function for most env proteins (Fig.  3) . The inability of chimera 2442 to function as a coreceptor for RF indicates that although replacement of the first 27 amino acids of CXCR4 creates a less efficient but functional coreceptor (chimera 2444), this substitution is not tolerated in the presence of a divergent third extracellular loop. As the cysteine residues in the amino-terminal domain and third extracellular loop of CXCR4 are predicted to form a disulfide bond, it is likely that portions of these two domains must interact closely with each other. Chimera 2442b, in which the entire amino-terminal domain of CXCR4 was replaced with that from CXCR2, was not expressed on the cell surface (Table 1) . 
Surface expression after transient expression in QT6 cells was determined by flow cytometry staining with 12G5, rabbit serum to the CXCR4 amino terminus, or 10G2. Fusion activity relative to wild-type CXCR4 was determined as in Figs. 2-4 , with 66-100% ϭ ϩϩϩ; 33-65% ϭ ϩϩ; 10-33% ϭ ϩ; 5-10% ϭ Ϯ; 0-5% ϭ Ϫ. Fusion results for coreceptors that functioned were the average of at least three experiments. ND, not determined. *12G5 stained cells expressing the indicated receptor.
† Rabbit serum to the CXCR4 amino terminus stained cells expressing the indicated receptor. ‡ 10G2 stained cells expressing the indicated receptor. To examine the roles of the first and second extracellular loops in coreceptor function more closely, we constructed chimeras 4422 and 2244 (Fig. 1) . Chimera 4422 did not support membrane fusion with any of the env glycoproteins; however, this hybrid was expressed on the cell surface at low levels. By contrast, expression of chimera 2244 in conjunction with CD4 supported fusion by the 89.6 and HIV-2 SBL6669 env proteins but not by BH8, BK132, or RF env. This observation, in conjunction with the fact that chimera 2442 supported fusion by 89.6 and HIV-2 SBL6669 , indicates that the second extracellular loop of CXCR4 is critical for coreceptor utilization by these envs. Since BH8 and BK132 can use 2442 but not 2244, it is clear that the first extracellular loop also plays an important role in coreceptor function for these env proteins.
Replacement of Single CXCR2 Domains with Corresponding CXCR4 Regions. We have found that the amino-terminal domain of CCR5 is sufficient to confer coreceptor activity to CCR2b, CCR1, and CXCR2 (refs. 27 and 29; unpublished data). To determine whether any single extracellular domain of CXCR4 can also confer coreceptor function to heterologous receptors, we constructed receptor chimeras in which single domains of CXCR4 were introduced into CXCR2 (Fig. 1) . We found that chimeras 4222 and 2224 failed to support membrane fusion by any of the env proteins tested (Table 1) . Flow cytometry analysis indicated that chimera 2224 was not expressed on the cell surface (Table 1) . However, since the reciprocal chimera 4442 supports membrane fusion, we consider it unlikely that the third extracellular loop of CXCR4 alone can confer coreceptor function to CXCR2. Cell surface expression of chimera 4222 was detected with polyvalent rabbit antibodies raised against a glutathione S-transferase fusion protein containing the amino-terminal ectodomain of CXCR4. Therefore, the amino-terminal domain of CXCR4 is not sufficient to confer coreceptor activity to CXCR2. Chimera 2242 supported fusion by the BH8, 89.6, and BK132 env proteins, indicating that the second extracellular loop of CXCR4 is sufficient for coreceptor function when placed into CXCR2. Fusion was relatively inefficient, however, suggesting that other CXCR4 domains are also important for full coreceptor function. The ability of 12G5, a conformationdependent monoclonal antibody to CXCR4, to recognize 2442 but not 2244 or 2242 (Table 1) indicates that the first extracellular loop is a critical part of the 12G5 epitope.
Evolution of Coreceptor Usage Through Distinct CCR5 and CXCR4 Domains. Our findings that the second extracellular loop of CXCR4 is critical for coreceptor function are in marked contrast to CCR5, where the first 20 residues of CCR5 are sufficient to confer coreceptor function to diverse chemokine receptors, including CCR2b, CCR1, and CXCR2 (ref. 29 ; unpublished data). However, for most M tropic HIV-1 strains the amino-terminal domain of CCR5 is not required, as it can be substituted with the amino-terminal domains of CCR2b, murine CCR5, and CXCR2 (28, 29) . This indicates that M tropic HIV-1 strains can use either the extracellular loops or the amino-terminal domain of CCR5. By contrast, dual-tropic HIV-1 env proteins are especially sensitive to amino-terminal domain substitutions and exhibit a reduced ability to use the extracellular loops of CCR5 (ref. 29 ; unpublished data). These observations suggest that CCR5-restricted viruses may evolve to dual tropism by acquiring the ability to recognize the extracellular loops of CXCR4, which are more closely related to their corresponding regions in CCR5, while retaining the ability to use the highly divergent CCR5 amino-terminal domain. To examine this hypothesis, we constructed two CXCR4-CCR5 chimeras, 4555 and 5444, and tested their ability to function as coreceptors for M, T, and dual-tropic env proteins. Chimera 4555 functioned as a coreceptor for the M tropic env JR-FL but not dual-tropic or T tropic env proteins (Fig. 4) . By contrast, chimera 5444 functioned as a coreceptor for all M tropic, dual-tropic, and T tropic env proteins tested. These results are consistent with the hypothesis that M tropic viruses can use either the extracellular loops or amino-terminal domain of CCR5, that dual-tropic viruses are largely dependent upon the amino-terminal domain of CCR5, and that T and dual-tropic viruses interact with the extracellular loops of CXCR4 and exhibit little dependence upon the CXCR4 amino-terminal domain.
Effects of Cytoplasmic Domain Mutations on CXCR4 Coreceptor Function. Binding of ligands to CXC chemokine receptors results in the transduction of a signaling event and mobilization of free cytosolic calcium ions, followed by receptor desensitization and internalization (40) . To determine whether signaling plays a role in coreceptor function, we changed the DRY sequence in the second intracellular loop of CXCR4 to NAA (CXCR4-NAA). The DRY motif in related receptors plays an important role in G protein coupling, including CCR5 (unpublished data). To determine whether receptor desensitization and internalization is required for coreceptor function, we truncated the cytoplasmic tail of CXCR4 at residue Ser-319 and changed Ser-312 and Thr-318 to Ala residues, thereby removing the predicted phosphorylation sites in this domain. A similar truncation in CXCR2 severely impairs receptor internalization after addition of interleukin 8 (41), although substitution of alanine for serine and threonine residues in the cytoplasmic tail of CCR2b also inhibits receptor internalization (42) . We found that both CXCR4-NAA and CXCR4-tail supported env-mediated cell -FIG. 3 . Effects of multiple domain substitutions on coreceptor function. The ability of receptor chimeras containing multiple domain substitutions between CXCR4 and CXCR2 to support env-mediated cell-cell fusion by the BH8, 89.6, BK132, RF, or HIV-2SBL6669 env proteins was determined with the assay described in Fig. 2.   FIG. 4 . CXCR4-CCR5 chimeras. A receptor chimera containing the amino-terminal domain of CCR5 (up to the cysteine residue) in a CXCR4 background (5444) and its reciprocal (4555) were tested for coreceptor function in the cell-cell fusion assay described in Fig. 2 . Results are expressed in relative light units.
cell fusion ( Table 1 ), indicating that G-protein coupling via the DRY motif and phosphorylation of the CXCR4 cytoplasmic tail are not required for coreceptor function.
DISCUSSION
The HIV-1 env protein mediates fusion between the viral and cellular membranes, allowing the viral genome to gain entry to the host cell cytoplasm (for review, see ref. 1). For membrane fusion to occur, specific conformational changes in the env protein must be triggered that are likely to result in the exposure of the hydrophobic fusion peptide at the amino terminus of the gp41 subunit. Insight into the events that trigger the fusogenic conformation, as well as the nature of this conformation, will be required to understand the mechanisms by which HIV-1 enters cells. The discovery of chemokine receptors as cofactors for HIV-1 entry provides new opportunities for studying this process. Binding to CD4 results in conformational changes in env but not in membrane fusion (1, 4) . Only in the presence of an appropriate coreceptor, generally CXCR4 or CCR5, does fusion occur. For M tropic env proteins, CD4 greatly increases the efficiency of CCR5 binding (24, 25) . CD4 binding may also facilitate the interaction between T tropic env proteins and CXCR4 (23) . To identify regions in CXCR4 that are required for coreceptor function and that may interact with env, we examined the ability of chimeras based on CXCR4 and CXCR2, which share approximately 35% amino acid identity, to support env-mediated cell-cell fusion.
We found that the amino-terminal domain of CXCR4 did not confer coreceptor function to CXCR2 (chimera 4222) or CCR5 (chimera 4555) in contrast to what we and others have observed with CCR5 where this region imparts activity when placed in CCR2b, CCR1, CXCR2, and murine CCR5 backgrounds (26) (27) (28) (29) . Thus, although the amino-terminal domain of CCR5 is sufficient for coreceptor activity in a CXCR2 background, that from CXCR4 is not. We also found that the CXCR4 amino terminus could be substituted with the corresponding region from CXCR2 (chimera 2444b) without loss of function for four of five env proteins tested, even though these domains share little similarity at the level of primary structure. However, chimera 2444b supported fusion less efficiently than wild-type CXCR4, despite similar levels of surface expression, indicating that the amino terminus may contribute directly to the binding of env or indirectly by promoting a conformation that favors this interaction. The absolute dependence of HIV-1 RF on the CXCR4 amino terminus also indicated that this region can play a role in coreceptor function. However, the amino-terminal domain of CXCR4 appears less important than the amino-terminal domain of CCR5 for env-mediated fusion.
The inability of the CXCR4 amino-terminal domain to confer coreceptor activity to CXCR2 or CCR5 and the ability of four of the five virus strains tested to use chimera 2444b indicated that one or more extracellular loops of CXCR4 are the primary determinants of coreceptor function. Of the three extracellular loops, the third was dispensable for coreceptor function, as it could be replaced by the divergent third loop of CXCR2, which shares only 5 of 21 residues. However, as was observed with chimera 2444b, chimera 4442 supported fusion with reduced efficiency compared with wild type, indicating that the third extracellular loop of CXCR4 may directly participate in coreceptor activity to some degree, contribute to the formation and maintenance of a conformation that is permissive for the interaction with env, or modulate surface expression levels. The ability of chimera 2442 to support env-mediated membrane fusion clearly implicates the first and second extracellular loops of CXCR4 as domains critically important for coreceptor activity. Chimeras in which these domains were derived from different parental receptors revealed that the second loop was the most important determinant for coreceptor function for the HIV-1 BH8, 89.6, and BK132 env proteins. Thus, unlike CCR5, the major determinants for CXCR4 coreceptor function reside in the first and second extracellular loops.
M tropic viruses that use CCR5 as a coreceptor are responsible for viral transmission, as indicated by the remarkable resistance to infection that has been observed in individuals who lack functional CCR5 (19) (20) (21) (22) . Over the course of infection, the dynamic nature of tropism is manifested by transition of coreceptor usage by env from CCR5 to CXCR4, with dual-tropic viruses perhaps representing an important intermediate phenotype (9) . Whether dual tropism is an obligate intermediate during the transition from M to T tropism is not known. The ability of dual-tropic viruses to use both CCR5 and CXCR4 offers important insights into the evolution of chemokine receptor usage in vivo. Previously, we have shown that the first 20 amino acids of CCR5 are sufficient to confer coreceptor function to diverse chemokine receptors, including CCR2b, CCR1, CXCR2, and CXCR4. However, viruses that use only CCR5 as a coreceptor can also interact with the extracellular loops and so can tolerate substitution of the CCR5 amino-terminal domain with the corresponding regions from divergent chemokine receptors (26, 29) . These results suggest that CCR5-restricted viruses can interact with two sites on CCR5, one that resides predominantly in the aminoterminal domain and one that resides in the extracellular loops. In contrast to M tropic viruses, dual-tropic env proteins exhibit a reduced ability to use the extracellular loops of CCR5 and are more sensitive to mutations in the amino-terminal domain (26, 29) . Our results provide an explanation for this finding: dual-tropic env proteins have acquired the ability to use the first and especially the second extracellular loops of CXCR4, while retaining the ability to use the CCR5 amino-terminal domain, even when it is placed in highly divergent backgrounds. Thus, dual-tropic env proteins such as 89.6 use different domains of CCR5 and CXCR4.
The ability of T and dual-tropic env proteins to use the first and second extracellular loops of CXCR4 rather than the amino-terminal domain may reflect the degree of similarity between the former regions and those in CCR5. The first 20 residues of CCR5 are sufficient to confer coreceptor function to divergent chemokine receptors (26, 29) . The corresponding region in CXCR4 is composed of 28 amino acids, shares only three residues with CCR5, and contains an N-linked glycosylation site that is probably used (31) . By contrast, the extracellular loops of CXCR4 and CCR5 exhibit a greater degree of similarity, particularly the first loop in which 7 of 14 residues are identical. Therefore, we propose that CCR5-restricted viruses become dual-tropic by acquiring the ability to use the more highly conserved, but more negatively charged, extracellular loops of CXCR4 while retaining the ability to productively interact with the first 20 residues of the much more highly divergent CCR5 amino-terminal domain. The chimeric receptors we constructed between CCR5 and CXCR4 support this hypothesis. Chimera 4555 functioned as a coreceptor for M tropic, but not dual-or T tropic, viruses. Chimera 5444 functioned as a coreceptor for all M, dual-, and T tropic viruses tested. These results are consistent with M tropic viruses using either the extracellular loops or amino-terminal domain of CCR5, dual-tropic viruses being largely dependent upon the amino-terminal domain of CCR5, and T and dual-tropic viruses interacting with the first and second loops of CXCR4.
The results presented herein, in conjunction with our earlier studies on CCR5 coreceptor activity (29) , provide a framework for understanding the evolution of chemokine receptor usage by the HIV-1 env protein. Env interactions with CCR5 and CXCR4 are clearly complex and somewhat variable in nature. Although the model we have proposed to explain the evolution of chemokine receptor usage invokes env interactions with distinct CCR5 and CXCR4 domains, it is important to stress that our results are dependent upon the experimental approach and parental chemokine receptors used as donors and that chimeras between CXCR4, CCR5, and other chemokine receptors may reveal facets of coreceptor function that are not apparent from the CXCR4-CXCR2 chimeras studied herein. Furthermore, the highly conserved disulfide bonding pattern exhibited by the chemokine receptors indicates that the four extracellular domains interact closely with one another. Thus, it is not surprising that mutations in one extracellular domain sometimes influence the function of another (unpublished data). In addition, we have relied on a cell-cell fusion assay in which env, CD4, and the coreceptor are overexpressed. Although this enabled us to ascertain combinations of components that lead to membrane fusion, it will be important to revisit this issue and determine the extent to which the utilization of coreceptors is affected by the relative amounts of CD4 and chemokine receptors on target cells (26) . Finally, it will be important to correlate our results with changes in env protein structure that lead to modification of the repertoire of coreceptors used, as well as in how any given coreceptor is used.
